Soil water retention characteristic is the key soil property used in many applications in the fields of irrigation, hydrology, geotechnical engineering and soil science in general. Since the advent of digital soil mapping and digital soil assessment paradigms, there has been an upsurge of development of soil inference models and the need to increase accurate application of soil mapping products. All soils can be partially saturated with water and also near oven dryness. Therefore, constitutive models for soils should ideally represent the soil behaviour over entire range. This paper reviewed commonly used SWRC models. In order to stem potential for biasness, the models were grouped into three categories depending on the number of fitting parameters, namely, fiveparameter, four-parameter and three-parameter categories. The evaluation used correlation and residual standard error statistics to choose the best overall performing model and in each category. Its results serve as a guide for selecting the models to be preferred for fitting SWRC in case there are limitations to the number of suction potential levels in the measured data.
Introduction
Soil water characteristic is the key soil property used in many applications in the fields of irrigation, hydrology, geotechnical engineering and soil science in general. Soil water characteristic influences many physical and engineering characteristics which are key soil properties for appropriate management of the soil degradation, water resources and environment. Water content in the soil is held by two principal forces: adsorption and capillarity. Adsorption is responsible for moisture held on the surface of soil particles while capillarity holds water in the pores between the soil particles or between aggregates of the particles [1] . The relationship between combined effect of these forces (also often expressed in the form of potential head) and soil water content forms a basic property of soil referred to as the Soil Water Retention Characteristics (SWRC) [2] . Typically, soils exhibit large variations in space and occasionally in time as well. Consequently, soil water retention characteristics models have been developed that allow a physical description of soil properties with the least amount of effort.
Some of the commonly used analytical models of SWRC in the literature are Brooks-Corey, Farrell-Larson, Fredlund-Xing, Gardner, McKee-Bumb, Kosugi, van Genuchten, Campbell, Russo, Tani, Omuto, and Dexter models [3] - [5] . Many of these models have been reported successful only for certain parts of SWRC (e.g. wet or dry parts), soil textures, soil horizons, regions of the world, or limited soil stress history [6] . These models contain shape parameters known as hydraulic parameters. Applications of water retention models require knowing these hydraulic parameters. Soil hydraulic parameters are traditionally obtained by curve-fitting the water retention functions using experimental data [7] .
Presently, there are many models in the literature and many more still being developed so much so that it is confusing about which model to prefer. The current choice of the appropriate model to use has not been well guided by any incisive research on the predictive performance of these models, especially between saturation and oven dryness. Consequently, SWRC model applications have been largely moved by convenience. It is worth noting that the difficulties of soil characterization increase when soil approaches oven dryness conditions a situation often encountered in arid and semi-arid areas. The cost of establishing the soil water characteristics can be relatively high in this area. The objective of this study was to review SWRC models between saturation and oven dryness so as to establish their performance and to recommend the most suitable models to be used in a given range.
Theory

Features of Soil Water Retention Characteristics
Soil water retention characteristic is the relationship between amount of water held in the soil and the forces holding it. The graph giving the relation between soil water tension and soil water content is called water retention curve or soil water characteristic. If the tension is expressed as the logarithmic value of cm water, the graph is referred to as a pF-curve. Water retention curves are used: 1) To determine an index of the available water in soil and to classify soils accordingly, e.g. for irrigation purposes, construction etc.;
2) To determine the drainable pore space (effective pore space, effective porosity, specific yield) for drainage design;
3) To check changes in the structure of a soil, e.g. caused by tillage, mixing of soil layers etc.; 4) To ascertain the relation between soil water tension and other physical properties of soil (e.g. capillary conductivity, thermal conductivity, clay and organic matter content).
The maximum amount of moisture that can be held in the soil pores is denoted by the SWRC models as saturated moisture content, θ s . A point h a in the models where air begins to enter the soil pores (during drainage) or where all air is expelled (during wetting) is known as the air-entry potential (Figure 1) . h a and θ s are soil hydraulic properties describing the shape of the wet-end of SWRC curves. Between h a and the point of complete dryness, the rate of moisture release or entry in the soil is fast or slow depending on the range of pore sizes in the soil matrix, assuming that other factors such as stress history are constant [1] [5] . For example, with narrow pore-size distribution such as in sandy soil the rate is fast (and hence the part of WRC curve between h a and point of complete dryness has a steep slope) and in broad pore-size distribution such as in clay soil the rate is slow (and WRC curve between h a and point of complete dryness has a gentle slope). The rate of moisture release is very slow towards the end of a completely dry soil; thus, the slope is very gentle for this section of WRC. The slope of the dry section of SWRC intersects the slope of the section after h a at a point where the corresponding moisture content is known as residual moisture content (θ r ) [5] [8] [9] (Figure 1 ).
SWRC Models
Quite a number of SWRC models have been proposed over the years to describe the soil water retention charac- teristic across the complete range of soil water contents. Some of these models are new while others are modification of the existing models. Some of these models are discussed below.
van Genuchten Water Retention Model
A commonly used retention model is the van Genuchten [10] closed form analytical expression. The closed form equation consists of four independent parameters which have to be estimated from observed soil water retention data. Many curve fitting and parameter optimization codes such as RETC software [7] are widely used today. These types of relationships are empirical in nature with a physical basis. The van Genuchten [10] equation is expressed as:
where, θ is the volumetric water content; h is the pressure head; θ s and θ r represent the saturated and residual water contents, respectively; α, n and m are empirical shape parameters.
Brooks-Corey Water Retention Model
Another well-established parametric model was proposed by Brooks and Corey [11] . This is a four-parameter water retention model. A Brooks-Corey model is a type of nonlinear curve fitting model for fitting water retention characteristics using experimental data. The Brooks-Corey functions can be defined as:
Where, θ r is the residual water content (cm 3 /cm 3 ), θ s is the saturated water content (cm 3 /cm 3 ), h is the matric potential (cm), λ and α are empirical shape parameters.
Fredlund-Xing Water Retention Model
This is a five-parameter water retention model [8] . 
where, θ r is the residual water content (cm 3 /cm 3 ); θ s is the saturated water content (cm 3 /cm 3 ); h is the suction; cm, α, n and m are empirical shape parameters. The Fredlund-Xing water retention model was developed based on pore size distribution of the soil. If the pore size distribution of a soil can be obtained or predicted, then the soil water characteristic curve is uniquely determined from the equation above.
Gardner Water Retention Model
This is a four-parameter water retention model by Gardner.
Biexponential Water Retention Model
Biexponential water retention model was developed by Omuto. This is a five-parameter water retention model contained in a bimodal pore-size distribution. The parameters are for the first and second compartments [5] .
( ) and residual moisture contents 2 r θ in the textural pore-space; 1 α represents the inverse of air-entry potential in the structural pore-space; 2 α represents the inverse of air-entry potential in the soil textural pore-space; r θ is the sum of residual moisture contents in the structural pore-space ( ) 
Campbell Water Retention Model
This is a three-parameter water retention model [5] .
where, h is suction potential/head; θ s is the saturated moisture content. It's the moisture content when suction potential is very low (almost at the saturation point); α is the inverse of h a air-entry potential or bubbling pressure, λ is a parameter or index for the pore-size distribution.
Tani Water Retention Model
This is a three-parameter water retention model developed by Tani in 1982 [5] . 
where, h Suction potential/head; r θ is the residual moisture content. It's the moisture content when suction potential is very high (almost at the drying point); θ s is the saturated moisture content. It's the moisture content when suction potential is very low (almost at the saturation point); α is the inverse of air-entry potential or bubbling pressure.
Kosugi Water Retention Model
This is a four-parameter water retention model developed by Kosugi in 1999 [5] .
where, θ s is the saturated soil water content; θ r is the residual soil water content; h m is the matric potential corresponding to the median pore radius; σ is a dimensionless parameter to characterize the width of the pore-size distribution; erfc denotes the complementary error function.
Ruso Water Retention Model
Ruso water retention model is a four-parameter function. This is a type of nonlinear curve fitting model for fitting water retention characteristics using experimental data [12] .
( ) 
where, h is suction potential/head as contained in the x-column of the xy water retention table or data; θ r is the residual moisture content. It's the moisture content when suction potential is very high (almost at the drying point); θ s is the saturated moisture content. It's the moisture content when suction potential is very low (almost at the saturation point); α is the inverse of air-entry potential or bubbling pressure; n is a parameter or index for the pore-size distribution.
Exponential Model
This is a three-parameter water retention model [12] .
where, h is suction potential/head as contained in the x-column of the xy water retention table or data; θ r is the residual moisture content; θ s is the saturated moisture content; α is the inverse of air-entry potential or bubbling pressure ( Table 1) .
Data Sources
Water retention data used were downloaded from the ISRIC database on May 6 2013 and locally obtained data from Athi River (Kenya).The data contained soil water content (θ in cm 3 cm -3 ) at various levels of suction potential (h) in cm (Figure 2(a) and Figure 2(b) ).
The global datasets were further split into samples from Central America, South America, Africa, Europe, Middle East, North Asia and South Asia (Figure 2(c) ).
Performance of SWRC Models Using a Test Data
The models' performance was assessed based on their accuracy and prediction potential between saturation and oven dryness.
The best performance of each SWRC model was the one which gave the minimum Residual Standard Error, RSE and a correlation, R 2 close to unity. The following popular statistics were used: Table 1 . SWRC models. 
Reference
SWRC model Parameters
The SWRC models were grouped based on the number of fitting parameters as shown in Table 2 . All the models were fitted using ISRIC global dataset and locally obtained data from Athi River (Kenya) using Hydro Me, R computer program. The performance of the models were reviewed based on the Residual Standard Error (RSE) and correlation coefficient (R 2 ) in the entire soil range and also at near saturation to oven dryness. Several attempts have been made to derive models for the purpose of analyzing the soil water characteristics in the entire range between saturation and near oven dryness. Some models have proved to perform poorly in near saturation and others in near oven dryness. This study analyzed the performance of 10 SWRC models on their performance in the entire soil range, near saturation and near oven dryness. Table 2 shows that Biexponential model (Omuto, 2009 ) had the best performance statistics for the category with five-parameter models. The Gardner (1958) model had the best performance statistics in the four-parameter models category and the Exponential model had the best performance statistics in the three-parameter categories.
Between Saturation and Oven Dryness
Review of these SWRC model performances in the entire soil range indicated that Gardner (1958) and Biexponential model had the highest R 2 value (Figure 3 ) compared to all other tested models. Generally, five-parameter models predicted the measured SWRC better than the others in the entire soil range. This could be true because many parameters tend to pin the model as close to the inflection points and end-points of the SWRC as possible. Hence, they allow the models to pass closest to the measured data compared to models with few parameters.
Near Saturation
As shown in Table 2 , van Genuchten (1980) model had the highest statistical value in the five-parameter category while Kosugi (1999) model performed better in the four-parameter category. Exponential model also performed best in the three-parameter category. Generally, the van Genuchten model predicts soil water characteristic more accurately on near saturation as compared to other SWRC models.
In Figure 4(a) , the soil θ (h) curve expressed by Equation (1) (van Genuchten) does not account for the bubbling pressure but does have an inflection point, allowing the van Genuchten model to perform better than other models (for example Brooks and Corey) at near saturation soil range (Figure 4(b) ).
It is worth noting that Equations (1) and (2) have considerable difficulty in representing the retention of water near oven dryness (matric suction at 15000 cm-permanent wilting point) giving an unrealistic path of the retention curve. van Genuchten and Brooks and Corey models does well when applied in wetland studies or humid region agriculture but for applications such as water flow in arid and semi-arid areas require a realistic representation for hydraulic characteristics over the all range of saturation.
Near Oven Dryness
Further analysis of the SWRC models' performance near oven dryness showed that Campbell (1974) performed well in the three-parameter category ( Table 2 ). According to Omuto (2009) , anchoring the SWRC at the endpoints tends to improve the model performance. This is contrasted by the performance of the Campbell (1974) model in near oven dryness range as shown in Figure 5 (a) and Figure 5(b) . The model performed best compared to its competitors in the three-parameter model category. The study proved right the argument by some authors that elimination of the residual moisture content (θ r ) can improve the predictive performance (see for example, [8] ).
Gardner (1958) and Biexponential models outperformed the other models in their respective categories. In overall, Biexponential model was the best model in this soil range. It is worth noting that Biexponential model showed a lot of consistency in the three soil categories (overall, near saturation and oven dryness) by having the best fit. These results show that the model is capable of fitting the entire range of SWRC without numerical discontinuities that have been reported in other models [13] . The performance can be explained by the fact that this model is a bi-compartment model (Equation (5)) that assumes two pore-size distribution functions for the soil pores, i.e. for structural pore space and for the textural pore space unlike most SWRC models in the literature which ignore the structural pore spaces resulting in inadequate representation of the true soil water retention characteristics for field condition yet the soil pore architecture in field conditions comprises of both the textural and structural pore spaces.
Conclusions
It was observed that all five-parameter models performed much better than the four-and three-parameter models. Among the five-parameter models, Biexponential model (Omuto, 2009 ) performed better than the van Genuchten (1980), and Fredlund and Xing (1994). In the four-parameter category, Gardner (1958) performed better than Brooks and Corey (1964) , Kosugi (1999) and Ruso (1998). Among the three-parameter category, Exponential model performed better than Campbell (1974) and Tani (1982) .
In overall, Biexponential model performed better than other models. This is because the model is a bi-compartment model that assumes two pore-size distribution functions for the soil pores, i.e. for structural pore space and for the textural pore space unlike most SWRC models reviewed which ignore the structural pore spaces resulting in inadequate representation of the true soil water retention characteristics for field condition. Yet, the soil pore architecture in field conditions comprises of both the textural and structural pore spaces. Owing to the good performance of this model, the review also floats a suggestion for future models to develop models based on two pore-size distribution functions for the soil pores.
